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ABSTRACT
A  sensitivity  analysis  of  heat  transfers  in  an
asymmetrically  heated  turbulent  channel  flow  is
performed using a dedicated heat transfer correlation.
The investigated correlation is developed to study the
heat transfers between the fluid and the wall in gas-
pressurized  solar  receivers  of  concentrated  solar
power tower. The working conditions correspond to
high-temperature  levels  and  high  heat  fluxes.  The
correlation  of  the  Nusselt  number  depends  on  five
parameters:  the  Reynolds  number,  the  Prandtl
number, the fluid temperature, the hot and cold wall
temperatures.  We  investigate  the  sensitivity  of  the
heat  flux  to  the  wall  and  fluid  temperatures.  The
results  obtained  with  the  global  uncertainty
management are compared to direct computations of
the errors of measurement. In the global uncertainty
management, the heat flux sensitivity is studied with
the  Taylor  expansion  of  the  function.  This  method
assumes the  quasi-linearity  and the  quasi-normality
of  the  function;  therefore,  only  small  variations  of
parameters  are computed.  The study points  out  the
importance of the temperature measurement accuracy
for the heat flux evaluation in asymmetrically heated
turbulent channel flow. In particular, the results show
that  the cold wall  heat flux is very sensitive to the
variations of the cold wall temperature and the bulk
temperature  of  the  fluid.  The  hot  wall  is  less
influenced by the temperature variations than the cold
wall.  The  global  uncertainty  management  produces
satisfying results on the prediction of the error linked
to  the  uncertainties  on  bulk  temperature.
Nevertheless,  the  hot  and  cold  wall  temperature
uncertainty propagation are poorly estimated by the
method.

NOMENCLATURE
Tm wall temperature average  [K]

Greek symbols

λ thermal conductivity [W/m/K]

ϕ heat flux [W/m2]

Subscripts

c cold

h hot

INTRODUCTION
In  applied  engineering  systems,  there  are  many
possible sources of uncertainty: measurement such as
finite  instrument  resolution,  inexact  values  of
measurement  standards,  approximations  and

assumptions  incorporated  in  the  measurement
method  and  procedure  [1].  The  uncertainties  may
become  very  problematic  when  moving  from
principles to a functioning device. They should be
put  into  perspective  with  a  sensitivity  analysis.
Indeed, while some systems are poorly affected by
parameter  variations,  some  are  very  sensitive  to
specific parameters. For instance, in gas turbines, it
is generally accepted that a variation of 20 K in the
metal reduces the life of the components by 50% [2].
Uncertainties  can  also  make  difficult  the
understanding  of  the  results  of  experiments  or
numerical  simulations.  Several  authors  propose
methods to bring uncertainties out.    Some works
dealing  with  uncertainties  in  the  fields  of  fluid
mechanics  and heat  transfers  are  addressed below.
Oliver  et  al. [3] estimate  uncertainties in statistics
computed from Direct Numerical Simulation (DNS).
They provide a systematic and unified approach for
estimating the uncertainties due to finite statistical
sampling and the discretization of the Navier–Stokes
equations.  Carneval  et  al. [4] propose a stochastic
method  for  heat  transfer  prediction  using  Large
Eddy  Simulation  (LES).  It  consists  in  coupling  a
classical uncertainty quantification to LES in a duct
with  pin  fins.  The  authors  prove  that  the
uncertainties  related  to  the  unknown  conditions,
named aleatoric  uncertainties,  and those related to
the physical  model,  named epistemic uncertainties,
are  strongly  interconnected.  Menberg  et  al. [5]
scrutinize  three methods for  sensitivity  analysis  in
relation  to  dynamic,  high-order,  non-linear
behaviour  and the level  of  uncertainty in  building
energy models. 
Estimation  of  uncertainties  in  heat  transfer
coefficients  determination  is  a  commonly  studied
topic. For instance, a large number of works tackles
the  uncertainty  propagation  when  estimating  the
convection  coefficients  in  a  wide  spectrum  of
convective heat  transfer processes with the Wilson
plot method. Uhía et al. [6] detail the application of
the Global Uncertainty Management (GUM) [1] for
calculating  the  uncertainty  associated  with
experimental  heat  transfer  data  obtained  thanks  to
the  Wilson  plot  method.  They  use  the  specific
process of condensation of R-134a on a horizontal
smooth tube as an illustration. The influence of the
uncertainty  of  measurements  is  discussed  on  the
basis   of  two normalized coefficients  proposed by
Coleman  and  Steele  [7]:  the  uncertainty
magnification  factor  (UMF)  and  the  uncertainty
percentage contribution (UPC). Wójs and Tietze [8]
also study the effects of the temperature interference
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on  the  results  obtained  using  the  Wilson  plot
technique.  The  authors  highlight  the  importance  of
using  adequate  experimental  data  to  obtain  reliable
results.  

The  Global  Uncertainty  Management  (GUM)
establishes  general  rules  for  evaluating  and
expressing  uncertainty  in  measurement  that  are
intended  to  be  applicable  to  a  broad  spectrum  of
measurements.  It  is  considered  as  a  general  cross-
disciplinary  standard,  applicable  to  all  fields.  The
method is detailed in  [1]. Studying  convective heat
transfer,  Håkansson [9] notices some incoherence in
the literature when regarding heat transfer coefficient
values.  Using  the  GUM,  he  points  out  that  some
methods  used  to  determine  the  heat  transfer
coefficient  are  very  dependent  of  the  accuracy  of
measurements.  This  could  be  responsible  for  the
various results obtained in the literature.

Heat  transfer  correlation  are  widely  used  in
engineering  field  to  estimate  wall  heat  flux  of
complex devices such as heat exchangers  [10]–[12],
automobile  radiators  [13],  and  solar  receivers  of
concentrated  solar  power  tower  [14].  Correlations
permit to estimate the heat transfer within, generally,
10%  to  20%  of  error  [14]–[20].  This  accuracy  is
usually acceptable for pre-dimensioning. However, it
is  necessary  to  consider  the  uncertainty  of
measurements   and their  propagation to  provide an
error range associated with the heat flux prediction.
Correlation may also be useful to quantify the heat
transfer  sensitivity  to  parameters.  For  instance,
Driscoll and Landrum [21] study uncertainty on heat
transfer correlations for fuel in copper tubing. They
quantify the influence of uncertainties on the engine
design. Scariot et al. [22] analyze the influence of the
uncertainty of measurements on the fluid temperature
and enthalpy in CO2  tube flow using heat transfer
correlations.

In  this  paper,  a  correlation  developed  for
asymmetrically heated turbulent channel flow is used
to quantify the uncertainty propagation. The studied
correlation  is  presented  in  the  first  part.  Then,  the
sensitivity  of  the  correlation  to  flow  parameters  is
analyzed in the working conditions of gas-pressurized
solar receivers of concentrated solar power tower in
the  second  part.  The  uncertainty  propagation
estimated by the GUM is assessed.

CORRELATION  FOR  HEAT  TRANSFER
IN  ASYMMETRICALLY  HEATED
CHANNEL FLOW

Description  of  the  correlation:  The
correlation  proposed by  David  et  al.  [14] aims to
estimate the heat transfer in the working conditions
of  gas-pressurized  solar  receivers.  The  correlation
has  been  established  thanks  to  70  Large  Eddy
Simulations  (LES),  leading  to  a  consequent  and
reliable sample of data.  In those LES, the Navier-
Stokes  equations  are  solved  under  the  low  Mach
number approximation in a bi-periodic channel flow.
The coupling  between velocity  and temperature  is
considered.  The  gravity  force  is  not  taken  into
account since its impact is negligible in the working
conditions. Indeed, the Richardson number is about
10-5.  The  small  turbulent  scales  are  not  solved  in
LES. Their effects on large turbulent structures are
considered  thanks  to  the  Anisotropic-Minimum-
Dissipation (AMD) model. This model has showed
good results in similar conditions in  [23]–[25]. The
proposed correlation is given by equation 1:

Nuw=0 . 024 Reb
0 . 8 Prb

0 . 4(
T w

T b
)
−0. 9

(
T w

T w−T b
)
1. 4(1−

T
w

T m)
T

b
T w

(1)
Where  Tw is  the  wall  temperature,  Tb  is  the  bulk
temperature,  and  Tm is  the  averaged  wall
temperature. A  term  accounting  for  asymmetric
heating  conditions  is  added  in  the  equation  to
reproduce the heat  transfers at hot  and cold walls.
Notice  that  this  term  involves  variables  in  the
exponent.  The  singularity  of  the  Nusselt  number,
encountered  when  the  bulk  temperature  tends
towards the cold wall temperature and explained in
[26],  is  reproduced  thanks  to  the  difference  of
temperature  at  the  denominator  of  the  asymmetric
group.  This  term,  accounting  for  asymmetric
condition, is equal to 1 in case of symmetric heating
conditions.

Applicability domain of the correlation:  The
proposed  correlation  is  investigated  in  the
commonly encountered working conditions of heat
exchangers  and solar  receivers.  See  the  applicable
domain  of  the  correlation  in  terms  of  Reynolds
number and temperature ranges in Table 1. The wall
temperatures range from 293 K to 1300 K. The fluid
temperature varies from 342 K to 1237 K, Prandtl



ICCHMT 2021, Paris, France, 18-21 May 2021

number is between 0.76 and 3.18, and heat fluxes are
between 4 kW/m2 and 578 kW/m2.

Table 1
Applicable domain of the correlation

Symmetric heating Asymmetric heating
12000<Reb<177000

0.47<Tb/Tw<0.99
10600<Reb<145000

1.1<Th/Tc<2.0
0.63<Tb/Tc<0.95
0.44<Tb/Th<0.85

Validation  of  the  correlation:  All  the  Nusselt
numbers estimated with the used correlation have a
relative error inferior to 9.1% and more than three-
quarters  of  them  are  in  the  error  bound  5%.  The
determination coefficient is 0.993. The mean error is
0.29% and standard deviation is 4.1%. In Figure 1,
The  Nusselt  numbers  obtained  with  the  correlation
proposed by David et al. [14] are plotted as function
of the Nusselt numbers obtained with the numerical
simulations. Black dots stand for the Nusselt numbers
obtained  under  symmetric  heating  conditions.  Red
dots, respectively blue dots, account for the Nusselt
numbers obtained at the hot  wall,  respectively cold
wall, under asymmetric heating conditions.

The Nusselt  number  range is  between 20 and 680.
The results show that all the points are between the
line representing 10% of error.

SENSITIVITY OF THE CORRELATION
An way interesting to highlight the influence of each
parameter  on  the  wall  heat  flux  is  to  perform   a
sensitivity  study  using  the  correlation.  It  gives  the
measurement accuracy necessary to provide reliable
estimation of the wall  heat  fluxes.  In its applicable

domain, the sensitivity of the correlation reflects the
physic sensitivity. A high temperature sensitivity of
the correlation means that the physical wall heat flux
is, also, greatly impacted by this parameter. In this
study, the sensitivity of the correlation is  analyzed
with  two  methods.  The  computation  of  the
propagation of uncertainties using the GUM method
is  compared  to  the  results  obtained  by  the  direct
calculation of heat fluxes with various temperature
values.

Working condition:  The sensitivity  of  the  wall
heat  fluxes  are  studied  in  the  typical  working
conditions of gas-pressurized solar receivers. These
conditions are summarized in Table 2. The wall heat
fluxes  are  computed  using  the  Nusselt  numbers
obtained with the correlation thanks to equation 2:

ϕw=
λw (T w−T b) Nuw

L
(2)

Table 2
Studied conditions for the sensitivity study
Reb Prb Th  [K] Tc  [K]

60000 0.87 1300 900

Figure  2  displays  the  heat  transfer  behavior  as  a
function of the bulk-to-wall temperature ratio.

In  the  studied  conditions  and  considering  the
minimum ratio between bulk temperature and cold
wall temperature, the heat transfer at the cold wall is
170 kW/m2 and the transfer at the hot wall is 265
kW/m2.  The  wall  heat  flux  is  normalized  by  the
biggest wall heat transfer obtained, i.e. for a bulk-to-
cold wall temperature ratio of 0.63. The normalized
heat fluxes are decreasing as the bulk temperature is
getting  closer  to  the  cold  wall  temperature.  As
expected, the cold wall heat flux is more sensitive to

Figure 2: Wall heat transfer as a function of the bulk-
to-wall temperature ratio.

Figure  1:  Nusselt  numbers  obtained  with  the
correlation  depending  on  the  Nusselt  numbers
obtained by the simulations.
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the  evolution  of  the  bulk  temperature  than  the  hot
wall heat flux.

Global  Uncertainty  Management:   The  GUM
provides  an  analytic  expression  of  the  heat  flux
uncertainties as a function of the flow parameters and
the  uncertainty  of  measurements.  The  uncertainty
propagation on the wall heat fluxes are obtained by
applying the GUM to equation 2.

Δ ϕ
ϕ
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+C2
+ D 2
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) (3)
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Here, the symbol w designs the opposite wall. For
instance, ΔT b is  the  uncertainty  measurement  on
the bulk temperature. The uncertainty associated with
the thermal conductivity has almost no influence on
the  results.  It  is  then,  neglected  to  simplify  the
equation.  In  the  analysis,  the  uncertainties  on  the
input variables are assumed to be uncorrelated. In the
following, we consider uncertainty of measurements

on one parameter at a time and we only study the
uncertainties relative to temperature.

Influence  of  the  bulk-to-wall  temperature
ratio: The uncertainties on the wall heat fluxes are
not  only  dependent  on  the  uncertainty  of
measurements:   the     working     flow     conditions

significantly affect the propagation of uncertainties.
In the  following,  the  results  of  the  GUM analysis
and the direct calculation of the heat flux are plotted
as  functions  of  the  ratio  of  bulk  and  cold  wall
temperatures in applicable domain of the correlation.
In  the  next,  this  ratio  is  called  bulk-to-wall
temperature  ratio  for  practical  reasons.  Five
uncertainty of  measurements  are studied:  2%, 4%,
6%,  8%,  and 10%.

Influence of the bulk-to-wall temperature ratio
on  the  propagation  of  wall  temperature
uncertainties: The  effect  of  the  hot  wall
temperature uncertainty of measurements on the wall
heat fluxes is observed in Figure 3. The results show

Figure  3:  Influence  of  the  uncertainty  of
measurements  on  the  hot  wall  temperature  as  a
function  of  the  bulk-to-wall  temperature  ratio.  The
top  graph,  respectively  bottom  graph,  displays  the
errors  committed  on  the  hot  wall  heat  flux,
respectively cold wall heat flux.
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that  the  error  on  the  wall  heat  fluxes  is  increasing
with the bulk-to-wall temperature ratio. However, the
associated heat fluxes are lower, as seen on figure 2.
For  the  same  temperature  ratio,  improving  the
measurement  accuracy  permits  to  shift  the  strong
increase  of  the  uncertainties  to  bigger  bulk-to-wall
temperature  ratio.  The  uncertainty  propagation  is
quasi-normal  since  the  overestimation  and  the
underestimation of the hot wall temperature lead to
similar errors on the heat flux.  The results  show  that
the cold side is more impacted by the  

uncertainty of measurements than the hot side. The
error profiles  provided by the GUM  are comparable
to  the  ones  obtained  with  the  direct  calculation.
However,  it  underestimates  the  error  committed  on
both  walls.  The  GUM  is  more  accurate  when  the
uncertainty  measurement  is  low.  Indeed,  as  the
studied function are not linear,  the error committed
by the GUM increases with the uncertainty value. For
instance, at a bulk-to-wall temperature ratio of 0.83, a
measurement of the hot wall temperature with 10% of
error  leads  to  an  error  of  20%  while  the  GUM

predicts an error of 15%. A measurement of the hot
wall temperature with 2% of error leads to an error 

of 4% while the GUM predicts an error of 3%. The
influence of the cold wall uncertainty measurement
on the wall heat fluxes is plotted on figure 4. The
errors are plotted as functions of the ratio between
the bulk temperature and the minimum value of the
cold wall in order to respect the applicable domain
of  the  correlation.  Indeed,  in  the  case  of  an
underestimation of the cold wall, the underestimated
temperature is used to compute the ratio. In the case
of an overestimation of the cold wall  temperature,
the reference cold wall temperature is used since it is
limiting the validity  domain of the correlation.  As
observed on figure 3, the error on the heat transfers
increases  with  the  bulk-to-wall  temperature  ratio.
For the same uncertainty measurement on the cold
wall temperature, the error on the hot wall heat flux
is significantly lower than the error on the cold wall
heat  flux.  The error  increases  quasi-linearly at  the
hot wall whereas it is soaring at the cold wall. The
error on the heat transfer is clearly not symmetric on

Figure  4:  Influence  of  the  uncertainty  of
measurements  on  the  cold  wall  temperature  as  a
function  of  the  bulk-to-wall  temperature  ratio.  The
top  graph,  respectively  bottom  graph,  displays  the
errors  committed  on  the  hot  wall  heat  flux,
respectively cold wall heat flux.

Figure  5:  Influence  of  the  uncertainty  of
measurements  on the bulk temperature as a function
of the bulk-to-wall temperature ratio. The top graph,
respectively  bottom  graph,  displays  the  errors
committed on the hot wall heat flux, respectively cold
wall heat flux.
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both  sides.  For  instance,  at  the  cold  wall,  for  a
temperature  ratio  of  0.8  and  a  uncertainty
measurement  of  10%,  the  results  show an  error  of
26% in the case of an overestimation and an error of
20% in  the  case  of  an  underestimation.  The  GUM
underestimates  the  error  at  the  hot  wall  and
overestimates  it  at  the  cold  wall.  As  observed  on
figure 3, the lowest the uncertainty measurement is,
the most accurate the GUM is.

Influence  of  the  bulk-to-wall  temperature  ratio
on  the  propagation  of  bulk  temperature
uncertainties: The influence  of  the  uncertainty  of
bulk  temperature  measurement  on  the  wall  heat
fluxes is observed on figure 5. Once again, the same
behavior as seen on figure 3 and 4 are highlighted:
the  hot  wall  heat  flux  is  less  impacted  by  the
uncertainties on the bulk temperature than the cold
wall heat flux. At the hot wall, the error on the heat
transfer increases almost linearly whereas at the cold
side the error soars as the bulk-to-wall  temperature
ratio  get  closer  to  0.95.  Accurate  measurements
permit to keep reasonable error on the hot wall heat
flux even for high values of the temperature ratio. At
the  cold  side,  even  a  2%  uncertainty  on  the  bulk
temperature  causes  an  important  error  on  the  cold
wall heat flux. The GUM produces a quite satisfying
estimation  knowing  that  it  assumes  a  normal
distribution of the error.  Indeed,  the error predicted
with the GUM is between the error obtained for an
underestimation  and  the  error  obtained  for  an
overestimation. 

CONCLUSIONS
In this paper, the correlation proposed by David et al.
for asymmetrically heated turbulent channel flow has
been  presented.  Then,  a  sensitivity  study  of  the
correlation to flow parameters has been carried out in
the  working  conditions  of  gas-pressurized  solar
receivers  of  concentrated  solar  power  tower.  The
entire  range  of  the  applicable  domain  in  terms  of
bulk-to-wall temperature ratio has been investigated.

The  results  show  that  the  closer  the  cold  wall
temperature and the bulk temperature are, the bigger
the uncertainty propagation is. At the same time, the
wall heat flux decreases which reduce the importance
of the committed  error.  The cold wall heat  flux is
more  sensitive  to  the  wall  and  bulk  temperature
variations than the hot wall heat flux. Overestimation
and  underestimation  of  the   hot  wall  temperature
produces  similar  error  profiles  indicating a  normal
distribution  of  the  error.  Uncertainties  on  the  cold

wall  and  on  the  bulk  temperatures  induce
asymmetric errors.  The GUM provides an analytic
expression of the uncertainties associated to the wall
heat transfers. Since it assumes a linear distribution
of the error, the GUM provides more accurate results
for  small  uncertainties.  This  method  produces
satisfying  results  on  the  prediction  of  the  error
linked  to  the  uncertainties  on  bulk  temperature.
However, it underestimates the error committed by
uncertainties on the hot wall temperature as well as
the error committed on the hot wall heat flux when
the uncertainties  are  associated  with the  cold wall
temperature. 
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